INTRODUCTION
The lungs consist of at least 40-60 different cell types that form a complex three-dimensional structure, with branched epithelial walls surrounded by interstitium and a vascular network (McQualter and Bertoncello, 2012) . The airway epithelium is composed of ciliated, secretory (club and goblet), and basal cells (Barkauskas et al., 2017) . In contrast, the alveolar epithelium where gas exchange takes place comprises two cell types-type 2 alveolar epithelial cells (AEC2) that secrete surfactant proteins and are considered as tissue stem cells and type 1 alveolar epithelial cells (AEC1) that form a thin wall for gas exchange . In alveoli, fibroblasts are in close contact with and are thought to support AEC2 maintenance, constituting an alveolar stem cell niche (Hogan et al., 2014) .
Lung development begins at around embryonic day 9.0 (E9.0) in mice, and maturation of alveoli starts at around E16.5 and continues to around postnatal day 30 (P30) (Herriges and Morrisey, 2014) . In the developing and mature lung, fibroblasts interact with and support the differentiation and maturation of epithelial cells (McCulley et al., 2015) ; thus, fibroblast-epithelial cell interactions are important in alveologenesis and AEC2 maintenance. Indeed, alveolospheres-an organoid derived from AEC2-can be generated by co-culturing AEC2 with lung mesenchymal cells ; alveolosphere cultures have been used to investigate fibroblast-AEC2 interactions in vitro (Zepp et al., 2017) . However, the molecular mechanisms of fibroblast-AEC2 interactions and the factors critical for alveolosphere formation are not known.
To investigate fibroblast-AEC2 interactions, we carried out a time course serial analysis of gene expression sequencing (SAGE-seq) of lung epithelial cells and fibroblasts during alveologenesis and in the mature state. We demonstrate that these interactions are mediated by pairs of fibroblast ligands and their cognate epithelial receptors. Moreover, the results of our in vitro alveolosphere formation assay revealed a set of ligand-associated factors that are required for fibroblast-free alveolosphere formation.
RESULTS

Transcriptional Changes during Alveologenesis and in Mature Lungs
To clarify fibroblast-epithelial interactions during alveologenesis and in mature lungs, we performed a time course transcriptome analysis of epithelial cells and fibroblasts in developing and mature murine lungs. We purified lineage (CD31, CD45, CD146 and Ter119) À Epcam + lung epithelial cells and lineage -GFP + fibroblasts from E18.5, P0.5, P2, P7, P28, and P56 (fibroblasts only) Col1a2-GFP mice for SAGE-seq analysis (Figures 1A and 1B) . We performed flow cytometry and immunohistochemical analyses of Col1a2-GFP mice at different developmental stages to analyze the characteristics of the lineage -GFP + population. GFP + cells were present in alveolar walls as well as in peribronchiolar and perivascular regions in Col1a2-GFP mice (Tsukui et al., 2013) at the examined time points and were negative for CD31, CD45, Epcam, or Ter119 (Figures S1A and S1B) . Peribronchiolar and perivascular GFP + cells were co-labeled with a-SMA + smooth muscle cells ( Figure S1B ) (De Val et al., 2002) . Since we depleted CD146 + smooth muscle cells before cell sorting, the analyzed GFP + CD146 À population comprised alveolar fibroblasts, including Pdgfra + and Pdgfra À cells (Figures S1C and S1D). No distinct GFP + Pdgfrb + CD146 À mesenchymal population was isolated by flow cytometry ( Figure S1C ). Transcriptome data for E13.5, E15.5, P14, and P56 epithelial cells of C57BL/6J mice were also included in the analysis.
We first analyzed the transcriptome of epithelial cells ( Figure 1C ) and fibroblasts ( Figure 1D ) to evaluate transcriptional changes during alveologenesis and in mature lungs. In epithelial cells, the expression of AEC2 marker genes (Treutlein et al., 2014) , such as Sftpa1, Sftpb, and Sftpc, as well as club and ciliated cell marker genes (Treutlein et al., 2014) increased in a time-dependent manner ( Figure 1C ). In contrast, the expression of genes known to be associated with early lung development, such as Sox9 and Foxp2 (Hogan et al., 2014) , decreased over time ( Figure 1C ). The levels of AEC1 marker genes (Treutlein et al., 2014) peaked at E18.5-P0.5 before gradually decreasing ( Figure 1C) . A qPCR analysis revealed trends in the expression of AEC1/AEC2 markers that were similar to those observed by SAGE-seq analysis (Figures S2A and S2B) . Hierarchical clustering of epithelial cells based on their transcriptome revealed that E13.5 and E15.5 epithelial cells clustered separately from other epithelial cells ( Figure 1E ). These results suggest that the transcriptome data reflected the development and maturation of epithelial cells.
The expression levels of the fibroblast marker genes Eln, Vim, Acta2, and Col1a2 (Tsukui et al., 2013) as well as Plin2, which encodes a protein that delivers lipids within the fibroblast cytosol to adjacent AEC2 (Schultz et al., 2002) , were elevated throughout lung development but were especially high in the perinatal period or saccular stage (E17.5-P5) ( Figure 1D ). Retinoic acid signaling-associated transcription factors Rara and Rarg (McGowan et al., 1995) were highly expressed at this stage (E18.5-P2) ( Figure 1D ). Wnt receptors Lrp5 and Lrp6 were highly expressed in the mature state, but Tcf7l1, a downstream gene of Wnt signaling (Shy et al., 2013) , was gradually downregulated as the lungs matured ( Figure 1D ). Fibroblast growth factor (Fgf) ligands and receptor (Fgfr1) were highly expressed in the mature lungs ( Figure 1D ); this corresponded with epithelial expression of Fgfr2 ( Figure 1C ), suggesting an important role for Fgf signaling at this stage. Interestingly, Sonic hedgehog (Shh) signaling-associated genes were specifically upregulated in P2 ( Figure 1D ), which coincided with epithelial upregulation of Shh at P2 ( Figure 1C ) (Peng et al., 2015) . Hierarchical clustering of fibroblasts based on their transcriptome showed that P28 (the end of alveologenesis) and P56 (mature state) clustered separately from the other developmental stages ( Figure 1F ). We next identified differentially expressed genes (DEGs; genes with adjusted p < 0.05, maximum expression >50) in the transcriptome data of epithelial cells (3,382 genes) and fibroblasts (3,437 genes). Using the CLICK method , we identified 13 distinct clusters of DEGs (C1-C13; Figure 2A and Table  S1 ) for epithelial cells and 12 for fibroblasts (C1-C12; Figure 2B and Table S1 ). Importantly, the levels of genes in epithelial cluster C1 increased with lung maturation and peaked at P28. Gene Ontology (GO) enrichment analysis (Ashburner et al., 2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of epithelial C1 revealed that genes associated with lipid/fatty acid metabolism, epithelium development, and the mitogen-activated protein kinase (MAPK) cascade were highly enriched ( Figure 2C and Table S2 ). Epithelial C1 genes annotated to the MAPK cascade (Table S2) included downstream factors (Mapk3) (Plotnikov et al., 2011) as well as those associated with Wnt signaling (Gsk3b and APC) (Volckaert and De Langhe, 2015) and Fgf signaling (Fgfr2) (Volckaert and De Langhe, 2015) , suggesting important roles for Wnt/Fgf signaling in alveologenesis. In contrast, genes included in epithelial cluster C3 were highly expressed at E18.5-P2 (saccular stage) and included angiogenesis-associated genes, such as Vegfa and Pdgfa (Figure 2A and Table S2 ) (Chao et al., 2016) . This suggests that genes regulating angiogenesis rather than epithelium maturation play important roles at the saccular as compared with the alveolar maturation stage (P5-P28). Genes included in epithelial clusters C2 and C4 were highly expressed at E13.5-E18.5 and included genes associated with cell division, which could reflect the high proliferative potential of epithelial cells during this period.
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The expression levels of genes in fibroblast clusters C2 and C3 tended to increase with lung maturation, peaking at P56 and P28, respectively ( Figure 2B ). These clusters included genes associated with the MAPK cascade and Wnt and Hippo signaling ( Figure 2D and Table S2 ). Fibroblast C2 genes annotated to the MAPK cascade (Table S2) included Gsk3b, Fgf2, Fgfr1, Fgfr3, Tgfb3, and Tgfbr3, suggesting that Wnt, Fgf, and Tgf-b signaling pathways are activated in fibroblasts. Fibroblast C2 genes were associated with Wnt signaling (Table S2 ) and included Lrp5 and Lrp6 (Volckaert and De Langhe, 2015) . These results suggest that Wnt/Fgf/Tgf-b signaling-associated genes were enriched in fibroblasts in alveologenesis and in the mature state. Genes included in fibroblast clusters C1, C4, and C5 were highly expressed at E18.5-P2 and included those associated with cell division, which could reflect the high proliferative potential of fibroblasts during these periods as compared with later stages. Collectively, our transcriptome analysis revealed significant changes in transcriptional profiles throughout lung development and identified several signaling pathways that may regulate alveologenesis and AEC2 maintenance.
Signaling Pathways Activated during Alveologenesis and in Mature Lungs
To identify lung fibroblast-epithelial interactions that potentially regulate alveologenesis and homeostasis of the alveolar stem cell niche, we examined genes expressed in fibroblasts and epithelial cells encoding extracellular molecules and cell surface receptor molecules, respectively ( Figure 3A ). We then reconstructed fibroblast-epithelial interactions according to interaction information provided by the KEGG database (Figures 3A and 3B; Table S3 ). We also identified genes expressed in fibroblasts and epithelial cells encoding cell surface receptors and extracellular molecules, respectively, and reconstructed epithelial-fibroblast (Table S4) , fibroblast-fibroblast (Table S5) , and epithelial-epithelial interactions (Table S6 ). To investigate whether the fibroblast-epithelial interactions were applicable to those between fibroblasts and AEC2, we used publicly available transcriptome data of lung mesenchymal subpopulations (Zepp et al., 2017) and analyzed the expression of fibroblast-expressed ligands in mesenchymal subpopulations supporting AEC2. We found that most fibroblast-expressed ligands were highly expressed in lung Axin2 + Pdgfra + or Pdgfra + mesenchymal cells ( Figure 3C ), which support AEC2 and generate alveolospheres.
The above-mentioned results suggested that the identified interactions were associated with fibroblast-AEC2 interactions. Moreover, the expression levels of these fibroblast ligands tended to be high during alveolar maturation (P5-P28) and in the mature lung stage (P56) as compared with the saccular stage (E17.5-P2) ( Figure 3D ), suggesting that the interactions were associated with AEC2 proliferation and differentiation in the former and not the latter periods. Specifically, fibroblast ligands Fgf2, Fgf7 ( Figure 3E ), Bmp4, Bmp5 ( Figure 3G ), Tgfb1, and Tgfb3 ( Figure 3I ) as well as epithelial Fgfr2 ( Figure 3F ) and Bmpr2 (Figure 3H) were upregulated as the lungs matured, suggesting specific roles for Fgf, Bmp, and Tgf-b signaling in alveologenesis and lung maturation. Fibroblast Fgf10 expression was high throughout the development ( Figure 3E ), but considering the high expression level of its receptor Fgfr2 during alveolar maturation and in the mature lung stage, its specific role in alveologenesis was also presumed. Although the levels of direct Notch ligands were low in fibroblasts (data not shown), the corresponding receptor Notch2 was highly expressed in epithelial cells in the alveologenesis stage ( Figure 3K ), suggesting that Notch signaling is involved in alveologenesis (Tsao et al., 2016) . Wnt2 and Wnt5a ( Figure 3L ) levels in fibroblasts as well as epithelial Lrp5 ( Figure 3M ) and Tgfbr1 ( Figure 3J ) remained relatively constant throughout lung development. Given the high overall expression level of Lrp5, we presumed that Wnt signaling plays a role in alveologenesis. We also performed a statistical assessment of linear relationships between CLICK-identified fibroblast clusters and epithelial cell clusters ( Figure S3A ) as well as fibroblast ligands and epithelial receptors ( Figure S3B ) and found that fibroblast cluster 2 (including Fgf7 and Fgf2) and epithelial cluster 1 (including Fgfr2) were positively correlated (r = 0.49, p = 0.1). Although they were non-significant, we found positive correlations between Fgf7/Fgfr2 (r = 0.22, p = 0.5), Fgf10/Fgfr2 (r = 0.31, p = 0.3), Bmp5/ Bmpr2 (r = 0.16, p = 0.6), Tgfb1/Tgfbr1 (r = 0.4, p = 0.2), and Tgfb3/Tgfbr1 (r = 0.41, p = 0.2) ( Figure S3B ). Thus, the results of the interactome analysis suggest that interactions between fibroblasts and AEC2 in alveologenesis and in mature lungs involve Fgf, Bmp, Tgf-b, Notch, and Wnt signaling.
Fibroblast Ligands and Signaling Pathway Inhibitors Promote Alveolosphere Growth In Vitro
To assess the significance of fibroblast-AEC2 interactions in vitro, we performed an alveolosphere formation assay by directly co-culturing lineage (CD31, CD45, CD146 and Ter119) À Epcam + EGFP + epithelial cells from CAG-EGFP mice and fibroblasts from C57BL/6J mice ( Figure 4A ) . Epcam + epithelial cells included AEC2 (89.14% G 1.34%), club cells (6.85% G 0.46%), ciliated cells (5.19% G 0.90%), and AEC1 (0.83% G 0.49%) ( Figure 4C ). After alveolosphere generation, EGFP + epithelial cells and EGFP À fibroblasts were sorted for qPCR analysis. As a control experiment, epithelial cells and fibroblasts were indirectly co-cultured ( Figure 4B ), but this resulted in no epithelial cell proliferation (data not shown), suggesting that factors expressed higher in direct co-cultures than in indirect co-cultures may promote alveolosphere formation. To understand the mechanism, fibroblasts obtained from the indirect culture were lysed and analyzed by qPCR. Although bulk epithelial cells were sorted for co-culture, the direct culture assay generated mostly Hopx + Sftpc + alveolospheres, as determined by (Table S2 ). See also Figure S3 . Figures 4G-4I ). All 56 immunostained spheres (randomly selected serial sections of 56 spheres fixed after 14 days in culture from three independent experiments) were positive for Sftpc and one Sftpc + sphere included Sftpc À Scgb1a1 + cells (data not shown) (Lee et al., 2017) . We did not detect acetylated tubulin + ciliated cells or Krt5 + basal cells ( Figure 4F ). The expression of marker genes of AEC1 (Aqp5 and Hopx; Figure 4G ) and AEC2 (Sftpc and Sftpd; Figure 4H ) in epithelial cells obtained from the alveolospheres, but not non-alveolar epithelial cell marker genes (Foxj1 and Scgb1a1; Figure 4I ), was confirmed by qPCR.
The qPCR analysis revealed upregulation of Fgf7 and Fgf10 in directly but not indirectly co-cultured fibroblasts ( Figure 5A ). Moreover, upregulation of Fgfr2b, a specific receptor for Fgf7 and Fgf10 (Ornitz and Itoh, 2015) , was observed in co-cultured epithelial cells ( Figure 5A ), suggesting that fibroblasts might upregulate Fgf7 and Fgf10 to interact with AEC2. Given that adding mouse (m)Fgf7 (Zepp et al., 2017) and human (h) Fgf10 (Zacharias et al., 2018) to direct co-cultures increased alveolosphere size and increased colony-forming efficiency, respectively (Figures 5B, 5I, and S4E), it was presumed that Fgf7 and Fgf10 are associated with AEC2 growth. Fgf2 was expressed in fibroblasts and mFgf2 promoted alveolosphere growth ( Figures  5I, S4A , S4B, and S4E), but Fgfr1c was expressed only in fibroblasts ( Figure S4A ), suggesting that Fgf2 is secreted by fibroblasts for self-maintenance. Wnt2 and Wnt5a were upregulated in directly co-cultured fibroblasts ( Figure 5C ), whereas Tcf7l1, a gene downstream of Wnt signaling (Shy et al., 2013) , was upregulated in both co-cultured fibroblasts and epithelial cells ( Figure 5C ). Since several Wnts can be expressed in lung AEC2 (Nabhan et al., 2018) , it was presumed that different Wnts are expressed in and mediate the interaction between fibroblasts and AEC2. The GSK-3b inhibitor CHIR99021, a canonical Wnt pathway agonist (Frank et al., 2016) , increased alveolosphere size and decreased colony-forming efficiency (Figures 5D, 5I, and S4E). These findings suggest that Wnt signaling is involved in fibroblast-AEC2 interactions.
Regarding Tgf-b/Bmp signaling, Tgfb1, Bmp4, and Bmp5 were more highly expressed in directly as compared with indirectly co-cultured fibroblasts, and their receptors Tgfbr2, Bmpr1a, and Bmpr2 were expressed in both fibroblasts and AEC2 ( 
Specific Factors Are Required to Induce Fibroblast-Free Alveolospheres
The results of the co-culture assay suggested that several signaling pathways are critical for AEC2 proliferation. We hypothesized that alveolospheres could be induced to form by adding several fibroblast-derived ligands and signaling inhibitors. To investigate whether fibroblast-free alveolosphere formation was possible, adult epithelial cells from CAG-EGFP mice were sorted and cultured in Matrigel with various combinations of fibroblast-derived ligands and signaling inhibitors. We found that mFgf7, mNoggin, SB431542, CHIR99021, and the Notch ligand Jagged1 (Sato et al., 2009) were necessary to induce the formation of fibroblast-free alveolospheres (Figures 6A-6D and S5A). Jagged1 was added because inactivation of Jag-ged1 was reported to cause defects in alveologenesis in the developing distal lung (Zhang et al., 2013) and because Notch2 was highly expressed in the adult epithelium ( Figure 3K ). Single-molecule treatment with mFgf7, mNoggin, SB431542, or CHIR99021 did not induce sphere generation, and their removal from the (Table S3 ). Adam17 is not a direct ligand to Notch2 or Notch3 but was detected in the analysis.
(C and D) Heatmap of fibroblast ligand-encoding genes based on transcriptome data of lung mesenchymal subsets (GSE92699) (C) and our time course transcriptome data (D).
(E-M) Number of SAGE tags (expression after standardization) of the selected genes. Data represent mean G SEM. *Adjusted p < 0.05; normalized data were examined for statistical significance using TCC package . See also Figure S3 . Sorted CD31 CD45 CD146 Ter119 Epcam + lung epithelial cells combination of molecules resulted in no or weak sphere formation (one sphere formed in 2/6 wells in the absence of SB431542 and one sphere formed in 3/6 wells in the absence of mNoggin; Figure S5A ). Although a crucial role of Fgf10 was presumed from co-culture assays, substituting mFgf7 with hFgf10 did not yield spheres ( Figure S5A ). Omitting Jagged1 from the combination of molecules yielded some spheres (up to four spheres per well), but these were fewer in number (spheres in 8/9 wells, with only one sphere in 4/8 wells) than in Jagged1 supplemented cultures (spheres in 9/9 wells, with 5.9 G 1.1 spheres per well). The observation that the g-secretase inhibitor DAPT inhibited sphere formation suggests that Notch signaling has positive effects on alveolosphere formation.
On day 8 of culture, fibroblast-free alveolospheres became larger than day 14 co-cultured alveolospheres ( Figure S5B ) and were globular with an empty inner part ( Figure 6B ). Around day 12, the inner part began to fill with cells in a lattice pattern ( Figures 6C and 6D ). Immunohistochemical analysis revealed that on day 8, the spheres contained Aqp5 + Sftpc + cells ( Figure 6E ). We did not detect any Scgb1a1 + , acetylated tubulin + , or Krt5 + cells ( Figure 6F ). On day 14, Aqp5 + AEC1 accumulated inside the spheres ( Figure 6G ), and qPCR analysis confirmed the expression of AEC1 ( Figure 6H ) and AEC2 ( Figure 6I ) markers but not non-alveolar epithelial markers ( Figure 6J ). In addition, the alveolospheres did not express fibroblast or fibroblast activation marker genes (Tsukui et al., 2013) (Figures S5C and S5D ), suggesting an absence of epithelialmesenchymal transition or fibroblast contamination. Since airway cells were included in the Epcam + cell population that we used for fibroblast-free culture ( Figures 4C and 6A) , we sorted the (CD31/CD45/ Pdgfra/CD146/Ter119) À (lineage-negative) CD24 À (airway cell-negative) (Chen et al., 2012) CD34 À /Sca1 À (Scgb1a1 + /Sftpc + cell-negative) (Kim et al., 2005) MHCII + /Epcam + (Hasegawa et al., 2017) population that was enriched in AEC2 (98.45% G 0.65%; Figures S6A-S6C) and confirmed that it generates alveolospheres under fibroblast-free conditions ( Figures S6D-S6G ).
The alveolospheres could be passaged even as single-cell suspensions ( Figures 7A-7C ). Although the colony-forming efficiency of passaged fibroblast-free alveolospheres was less than that of co-cultured alveolospheres, the efficiency of passaged fibroblast-free alveolospheres was stable for at least three passages (P1, 2.57% G 0.26%; P2, 2.31% G 0.13%; and P3, 2.24% G 0.35%) ( Figure 7D ). We confirmed Sftpc and Aqp5 expression in the passaged alveolospheres and did not detect any non-alveolar markers ( Figures  7E and 7F) . These results indicate that a specific molecule and inhibitor combination promotes the clonal proliferation of AEC2 and is thus critical for AEC2.
DISCUSSION
To clarify fibroblast-AEC2 cell interactions, we performed a time course SAGE-seq analysis and identified time-specific transcriptional features of epithelial cells and fibroblasts that we used to generate a list of possible fibroblast-AEC2 interactions. We also showed that alveolospheres can be generated under mesenchymal cell-free conditions using a specific set of factors that promote alveolosphere growth in epithelial-fibroblast co-cultures and may thus be critical regulators of AEC2 proliferation.
Our transcriptome analysis revealed stage-specific transcriptional signatures during lung development. E13.5 and E15.5 epithelial cells clustered separately from other epithelial cells by unsupervised hierarchical clustering, which is in accordance with a recent proposal to classify lung development into two distinct processes-branching morphogenesis (E9.5-E16.5) and alveolar epithelial differentiation (E16.5-P30) (Chao et al., 2016) . Furthermore, our analysis revealed distinct DEG clusters at each developmental stage, including the saccular (E17.5-P5) and alveolar maturation (P5-P28) stages, that differed in terms of GO and KEGG pathway enrichment, implying that each process is governed by distinct molecular mechanisms. For example, the Shh signaling pathway was specifically enriched in fibroblast C4 by KEGG pathway enrichment analysis, and the expression of Shh-related genes was accordingly upregulated at P2, suggesting that this pathway is activated at the saccular stage. Our time course transcriptome data provide a resource for future studies on the mechanisms of lung development.
The results of our epithelial-fibroblast co-culture alveolosphere formation assay showed that Fgf/Wnt signaling stimulated, whereas Tgf-b/Bmp signaling suppressed, alveolosphere growth. Fgf signaling has been shown to play a critical role in lung development (Ornitz and Itoh, 2015) ; AEC2 obtained from Sftpc-CreERT2:R26R-EYFP mice revealed that Fgf7 promoted alveolosphere growth (Zepp et al., 2017) , which is in accordance with our findings that this effect was induced by Fgf2 and Fgf10. Fgf2 was expressed in fibroblasts but not in epithelial cells and presumably acted on fibroblasts themselves. Experiments using Fgf2 knockout mice demonstrated that Fgf2 was required for epithelial repair and maintenance of epithelial integrity following bleomycin injury (Guzy et al., 2015) . Our data suggest that this may be due to the suppression of fibroblast activation and proliferation required for alveolar damage repair. Although very important, the reasons accounting for why direct contact of epithelial cells with fibroblasts is required for alveolosphere formation and why direct co-culture drives upregulation of fibroblast ligands, such as Fgf7 and Fgf10, are unclear. Because Tcf7l1 was upregulated in both co-cultured fibroblasts and epithelial cells, it was presumed that different Wnts are expressed in both fibroblasts and epithelial cells and mediate the interaction between fibroblasts and AEC2. Wnts are signals with a typical range of 1-2 cells (Farin et al., 2016) , and therefore, the mutual Wnt interactions between epithelial cells and fibroblasts that exist only in direct culture could be one of the reasons why direct co-culture generates alveolospheres and upregulates Fgf7 and Fgf10 in fibroblasts.
Fibroblast-free alveolospheres were generated by adding Tgf-b, Bmp4, and GSK-3b inhibitors and Fgf7 and Notch ligands to the culture medium, indicating that both positive and negative regulation in the form of Fgf/Wnt/Notch and Tgf-b/Bmp signaling, respectively, are required for AEC2 proliferation. Since receptors of both Bmp (Bmpr1a/2) and Tgf-b (Tgfbr1/2) are expressed in epithelial cells and fibroblasts, the results obtained from the co-culture assay are not applicable to the fibroblast-AEC2 interaction. However, we directly demonstrated with the fibroblast-free alveolosphere formation assay that Tgf-b/Bmp4 inhibition was necessary for AEC2 proliferation. Tgf-b maintains bone marrow hematopoietic stem cells in a state of hibernation (Yamazaki et al., 2011), and we presume that Tgf-b family members also act on AEC2 to maintain their quiescence in tissue homeostasis. However, the potential roles of autocrinological and paracrinological effects of Tgf-b/Bmp signaling in the context of the alveolar stem cell niche in vivo remain to be determined. Wnt signaling has been reported to be a critical pathway for AEC2 (Frank et al., 2016; Nabhan et al., 2018; Zacharias et al., 2018) . Because GSK-3b inhibition was required for alveolosphere formation, our results suggest that upregulation of Wnt/b-catenin downstream target genes are important for AEC2. Wnt5a has been reported to both activate and repress Wnt/b-catenin signaling (van Amerongen et al., 2012); therefore, further studies are required to clarify the specific Wnt as well as downstream signaling mechanisms that are critical for AEC2. Notch2 signaling in AEC2 was shown to be important for alveologenesis using Notch2 cNull mice (Tsao et al., 2016) , and we confirmed the importance of Notch signaling in the generation of alveolospheres. Interestingly, Jagged1 is also required for intestinal organoid formation (Sato et al., 2009); thus, Notch signaling may be conserved among endoderm-derived epithelial cells. , and Bmp (G) signaling using cells obtained from direct and indirect epithelial-fibroblast coculture assays before culture and day 7 and 14 (n = 3 wells for cultured cells and n = 3 animals for sorted cells). The data are representative of two independent experiments. For ''FB; co-culture d7,'' data for one sample were not available (n = 2). mRNA levels were normalized to that of Actb. To examine AEC2, it is essential to culture them in vitro. However, there has been no report describing the establishment of passaged cell lines that exhibit morphologic and molecular characteristics of AEC2 (Gonzalez and Dobbs, 2013). Epithelial cell-fibroblast co-cultured alveolospheres are passageable (Barkauskas et al., 2017) , but the results obtained from co-culture assays cannot be generalized to AEC2 itself. We established a protocol for passageable fibroblast-free alveolosphere generation that will allow researchers to culture AEC2 for further analysis in the future.
In conclusion, the time course transcriptome analysis of epithelial cells and fibroblasts during alveologenesis and in mature lungs revealed dynamic transcriptional profiles. We identified putative regulators of these processes and generated passageable fibroblast-free alveolospheres using a specific combination of fibroblast ligands and signaling pathway inhibitors. Our results provide a resource for future studies on the molecular mechanisms of lung development.
Limitations of the Study
One of the limitations of our study is that bulk epithelial cells were used for co-culture alveolosphere formation assays. Although nearly 90% of Epcam + epithelial cells were found to be Sftpc + , the Epcam + population includes airway cells. For this reason, results obtained using bulk Epcam + epithelial cells may not be generalizable to AEC2. We sought to overcome this limitation by using purified AEC2 (MHCII-positive) for fibroblast-free alveolosphere assays. Further studies using genetically modified mice that allow direct isolation of Sftpc + AEC2 are needed to clarify this point. In addition, SAGE-seq included few samples for each time point; therefore, the statistical power might have been low for some of the statistical analyses. Specifically, correlation analysis requires more samples for more biologically meaningful analyses. Use of AEC1 markers Aqp5 and Hopx in qPCR analyses might be another limitation. Although the AEC1 markers have long been used to distinguish AEC1 immunohistochemically (Flodby et al., 2010) , in some single cell RNA-sequencing studies, weak mRNA expression of AEC1 markers in AEC2 has been reported (Treutlein et al., 2014) .
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND SOFTWARE AVAILABILITY
Raw data from RNA sequencing have been deposited in the GEO. The GEO accession number for the RNA sequencing data of epithelial cells and fibroblasts from Col1a2-GFP mice reported in this paper is GSE113160 and RNA sequencing data of E13.5, E15.5, P14, and P56 epithelial cells from C57BL/6J mice is GSE109847.
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We thank Shun-ichi Fujita and Shin Aoki for technical assistance, Yutaka Inagaki for providing Col1a2-GFP mice, Atsushi Miyawaki for providing Fucci mice, and the University of Tokyo Graduate Program (D) Colony-forming efficiency of fibroblast-free and co-cultured alveolospheres. To calculate colony-forming efficiency, all colonies formed in each well were counted and the number of colonies was divided by 5 3 10 3 (for primary cultures and for passaging of co-cultured alveolospheres) or 2 3 10 3 -5 3 10 3 (for passaging of fibroblast-free alveolospheres). Colony-forming efficiency of primary fibroblast-free alveolosphere culture (P0) was 0.1% G 0.02 (5.0 G 0.9 spheres per well). Fibroblast-free alveolospheres were passaged at least three times without loss of colony-forming efficiency. For P0, n = 12 wells for fibroblast-free culture and n = 9 wells for co-culture pooled from at least two independent cell sorting; for P1, P2, or P3, n = 3 or 4 wells for fibroblast-free culture and n = 6 wells for co-culture pooled from at least two independent passaging procedures.
(E) Representative section of passaged fibroblast-free alveolosphere (passage 1) on day 8 labeled with antibodies against Aqp5/Sftpc. (F) qPCR analysis of AEC1, AEC2, and non-alveolar epithelial markers using cells obtained from passaged spheres (passage 3, day 8). Data represent mean G SEM (n = 3 wells for cultured cells and n = 3 animals for sorted cells) and are representative of two independent experiments. mRNA levels were normalized to that of Actb. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student's t test [two-tailed] 
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Transparent Methods
Mice.
Female C57BL/6J and C57BL/6-Tg(CAG-EGFP)C14-Y01-FM131Osb (CAG-EGFP) mice (8 weeks of age) were purchased from Japan SLC (Shizuoka, Japan). Col1a2-GFP mice were obtained as previously described (Higashiyama et al., 2009) , and were backcrossed to C57BL/6J mice for at least 10 generations before experiments. Fucci mice were obtained as previously described (Niwa et al., 1991; Sakaue-Sawano et al., 2008; Shand et al., 2014) .
Embryonic day 18.5 (E18.5), postnatal day 0.5 (P0.5), P2, P7, and P28 Col1a2-GFP mice were generated in-house by breeding C57BL/6J with Col1a2-GFP mice. Mice were bred and maintained under specific pathogen-free conditions in the animal facilities at the University of Tokyo and Tokyo University of Science. All experiments were performed in accordance with the guidelines of the Animal Care Committee of the Graduate School of Medicine, the University of Tokyo and Tokyo University of Science.
Murine lung cell preparation.
For preparation of murine lung cells, E18.5, P0.5, P2, P7, P28, and P56 murine lung lobes were collected and minced using a sterile razor. The tissue was dissociated with Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich) containing 0.96 mg/mL dispase II (Roche), 0.2% collagenase (Wako Pure Chemical Industries), and 20 kU/mL DNase I (Sigma-Aldrich) as previously described . After 60 min incubation at 37°C, the cells were filtered through a 70-µm cell strainer (BD Biosciences) and washed with DMEM supplemented with 2% fetal bovine serum. Erythrocytes were removed by Percoll gradient (70%) centrifugation (GE Healthcare) for 20 min at room temperature (1000 × g).
Antibodies.
Fluorophore-or biotin-conjugated antibodies and streptavidin were purchased from BD Biosciences, BioLegend, Miltenyi Biotec, Calbiochem, Santa Cruz Biotechnology, Life Technologies, Abcam, Sigma-Aldrich, R&D Systems, and Upstate Biotechnology. Antibodies used in this study are listed in Table S7 .
Cell sorting.
Cell sorting was performed to purify lung epithelial cells and fibroblasts for lung transcriptome analysis, immunocytochemical analysis, the co-culture alveolosphere formation assay, passaging of the co-cultured alveolospheres, quantitative (q)PCR analysis of alveolospheres, and fibroblast-free alveolosphere generation. For transcriptome analysis, single-cell suspensions of Col1a2-GFP mouse lung cells were first incubated with anti-mouse CD31, CD45, Ter119, CD146, and Epcam antibodies (Table S7) for 20 min at 4°C. They were then labeled with streptavidin-allophycocyanin (20 min, 4°C), followed by incubation with anti-allophycocyanin microbeads (Miltenyi Biotech; 20 min, 4°C). Labeled cells were magnetically separated with an AutoMACS cell separator (Miltenyi Biotech). Finally, lineage (CD31, CD45, Ter119, and CD146)propidium iodide − Epcam + live epithelial cells and (CD31, CD45, Ter119, and CD146)propidium iodide − GFP + live fibroblasts were sorted on a MoFlo Astrios cell sorter (Beckman Coulter) or FACSAria II/III flow cytometer (BD Biosciences).
CAG-EGFP and C57BL/6J mice were used for the co-culture alveolosphere formation assays. Single-cell suspensions of C57BL/6J lung cells were first labeled with anti-mouse CD31, CD45, Ter119, Epcam, and Pdgfra antibodies (Table S7 ). After magnetic negative selection as described above, lineage (CD31, CD45, CD146, Ter119, Epcam) − propidium iodide − Pdgfra + live fibroblasts were sorted. Single-cell suspensions of CAG-EGFP mouse lung cells were labeled with anti-mouse CD31, CD45, Ter119, and Epcam antibodies. After magnetic negative selection, lineage (CD31, CD45, CD146, Ter119) − propidium iodide -Epcam + epithelial cells were sorted. For fibroblast-free alveolosphere formation, anti-mouse Pdgfra antibody was added to the antibody cocktail for the first step of CAG-EGFP mouse lung cell labeling to maximize sorting purity. For qPCR analysis of alveolospheres, EGFP + propidium iodide − epithelial cells and EGFPpropidium iodidefibroblasts were sorted.
Serial analysis of gene expression (SAGE) library construction.
E18.5, P0.5, P2, P7, and P28 epithelial cells (10,000 cells) as well as E18.5, P0.5, P2, P7, P28, and P56 fibroblasts were directly sorted in 500 µL cell lysis buffer composed of 100 mM Tris-HCl (pH 7.5), 1% lithium dodecyl sulfate (Sigma-Aldrich), 500 mM lithium chloride, 10 mM EDTA, and 5 mM dithiothreitol (DTT; Thermo Fisher Scientific). Whole transcripts of epithelial cells were amplified using the primers shown in Table S8 as previously described (Huang et al., 2014) , with some modifications. Briefly, 0.5 pmol biotin-TEG-adapter-dT25 primers were bound to 20 µL of Dynabeads M270 streptavidin (Thermo Fisher Scientific).
Washed beads were added to each cell lysate and incubated for 30 min at room temperature.
The beads were resuspended in a solution of 2 mM dNTP in 10 µL of reverse transcription (RT) mix 1 composed of 1× SuperScript (SS)IV buffer (Thermo Fisher Scientific), 2 M betaine (Sigma-Aldrich), 3.2 U/µL RNaseIn Plus (Promega), and 12 mM MgCl2 followed by incubation for 90 s at 70°C and 5 min at 35°C. For the RT reaction, 10 µl of RT mix 2 composed of 10 mM DTT, 1× SSIV buffer, 10 U/µL SSIV (Thermo Fisher Scientific), and 2
